The stabilization mechanism of non-premixed jet flames of methane diluted with helium has been investigated experimentally. Effects of fuel mole fraction, XF,O and nozzle diameter, D on the lifted flame characteristics of diluted methane jets were studied. Such methane jet flames could be lifted despite the Schmidt number was less than unity. Regimes of lifted flames were evaluated according to Richardson number and liftoff height compared with the length of developing zone. Such flames obtained using D = 9.4 mm nozzle were stabilized due to buoyancy induced convection in buoyancy dominated regime whereas for D = 0.95 mm nozzle methane jet flames could be lifted even at nozzle exit velocities much higher than stoichiometric laminar flame speed in jet momentum dominated regime. The chemiluminescence intensities of OH* radical (good indicators of heat release rate) were measured using monochromatic system for these lifted flames. It was confirmed that, in jetmomentum dominated regime an increase in radius of curvature in addition to OH* concentration stabilizes such lifted flames. Heat release rate near the triple point inferred by the OH* chemiluminescence intensity was inversely proportional to XF,O and had maximum at blowout conditions.
INTRODUCTION
Laminar lifted non-premixed free and co-flow jet flames have been studied extensively to clarify the characteristics of flame stabilization, to develop laminar stretched flame-let model and to get the fundamental data for designing industrial burners [1] [2] [3] . It propagates along the stoichiometric contour due to the intrinsic nature of its leading edge that consists of lean and rich premixed flame wings and a trailing diffusion flame, all extending from a triple point. Thus, the stabilization mechanism is addressed to the balance between the tri-brachial flame speed and local axial flow velocity [1] [2] . The propagation speed of tribrachial flame has also been investigated extensively [3] [4] [5] [6] [7] and it has been found that the mixture fraction gradient and flow redirection effect resulted from heat release rate are the two dominant factors that influences the propagation speed. The stability analysis [2] has been performed by assuming that the propagation speed is either constant or relatively insensitive to flow conditions [5] . The lifted flame is found to be stable (unstable) when the local flow velocity along the stoichiometric contour decreases (increases) with the axial distance in laminar free jets, which corresponds to the cases when Schmidt number, Sc of fuel is larger/smaller than unity [2] . Based on cold jet similarity solutions, experimentally it was shown that propane and n-butane fuels (Sc > 1) exhibited stable lifted flames, while no stable lifted flames were observed for methane and ethane fuels (Sc < 1) in free jets [1] . Stationary lifted flames were also observed in highly diluted propane co-flow jet flames when relatively large size nozzle, O (10 mm), was used [8] . Lifted flame stabilization modes were identified in the developing and developed regions of such co-flow jets. It has been found that the buoyancy plays an important role of flame stabilization. Also stationary lifted flames for partially premixed or diluted methane were observed in the near field of co-flow jets [9] [10] [11] in buoyancy-dominated regime. However, in momentumdominated regime, they have not observed laminar lifted flames with a sub-millimeter size nozzle.
Concurrently, for the lifted flame in hot co-flow environment, the important chemical role of intermediate species [12] such as OH*, CH2O* in flame stabilization (via reduction in ignition delay time) has been investigated. A recent series of experiments conducted on the methane flame has made available instantaneous, simultaneous, high resolution images of temperature, OH and CH2O mole fractions [13] . Investigating the behavior of the flame front, as defined by regions of peak heat release rate or reaction rate, has been of great interest to experimental combustion researchers.Though the product of OH and CH2O from LIF images or chemiluminescent signals [14] was used as a proxy for heat release rate in laminar premixed flames [15] [16] . OH* chemiluminescent intensity alone was also considered as the quantity proportional to heat release rate [17] . Correlation of edge flame speed to fuel concentration gradient in a propagating triple flame was addressed using the dependency of fuel concentration gradient upon the radius of curvature [3] . Additionally, the tri-brachial flame speed could be sensitively dependent upon many factors such as mixture strength, buoyancy, heat loss and Lewis number [18] . Furthermore, numerical studies have been done for lifted H2/N2 jet flame in a vitiated co-flow [19] . Also Convection phenomena was explained in previous studies [20] .
This study is to further explore laminar lifted methane jet flames diluted with helium (Sc< 1). As an extension of the previous studies [9] [10] [11] that buoyancy effects could be the stabilization mechanism in laminar stationary lifted nitrogen diluted or partially premixed methane jet flames. The current study is to substantiate why such a laminar lifted flame can be stabilized even in jet momentum dominated regime. To check the effect of buoyancy, Richardson number, Ri was evaluated and chemiluminescence intensities of OH * has been measured by monochromator. Also the radius of curvature, r * cur which is one of the main mechanism of the stabilization of tri-brachial flame is measured as well.
EXPERIMENTAL SETUP
Schematic diagram of experimental set-up is as shown in the Figure 1 , which consists of a co-flow burner, flow controllers, visualization system and spectrum analysis system. Two different size nozzles of inner diameter 9.4 mm and 0.95 mm with 100 cm and 40 cm in length respectively, were used as central fuel nozzle in the co-flow burner. The co-flow air was supplied to the coaxial duct (with 90.4 mm i.d.) through glass beads and honeycomb for the velocity to be uniform.The tip of the fuel nozzle protruded 10.3 mm over the honeycomb. A quartz tube with 20 cm length and 90.4 mm inner diameter was placed on the honeycomb, to minimize outside disturbances. Pure grade of methane (>99.95%) diluted with helium (>99.99%) was supplied to the central nozzle.
High resolution monochromator (JOBIN YVON THR-1000, f = 1000 mm, 1200 groove/mm) and PMT (HamamatsuR920) was used to get the spectrum of chemiluminescent light. Two lens of focal length 100 mm were used to make one to one flame image. Light from flame base image on the 600 µm optical fiber was fed to the monochromator. To increase signal intensity, entrance and exit slits of the monochromator were widely opened. Chemiluminescence intensities were obtained in the range of 300 nm to 600 nm.The flow rates were controlled by mass flow controllers (ICDS Ltd.). The liftoff heights were measured by the cathetometer. 
RESULTS AND DISCUSSIONS

Liftoff height
The representative shape of methane jet flames diluted with helium for D = 9.4 mm with VCO = 10 cm/s, and UO = 8 cm/s was demonstrated in Figure 2 (a). Despite the Sc number less than unity (0.7 < Sc < 0.78) in the current experimental conditions, flame is lifted for UO with O(10 cm/s). By decreasing XF,O at a fixed UO the flame shape varies from a long lifted flame to a small triple flame just prior to flame blowout. Similar tendency can be obtained with UO at a given XF,O. Such lifted flame has the tri-brachial structure a rich premixed flame, a lean premixed one, and a trailing diffusion flame meet at a triple point as in laminar lifted propane flame [1] . Liftoff height as functions of UO and XF,O was exhibited in Figure 2 (b). The liftoff heights increase nonlinearly with UO in the range of several millimeters to 181.7 mm. Adding helium results in increase in the HL at a given UO until blowout occurs. Flame flickering occurs near the tip region [21] for UO > 10 cm/s. Even with flickering, its influence on the liftoff height was negligible. Although, based on cold jet similarity solutions, experimentally it was shown that propane and n-butane fuels (Sc > 1) exhibited stable lifted flames, while no stable lifted flames were observed for methane and ethane fuels (Sc < 1) in free jets [1] . But as shown in the Figure 2 and 3, we have obtained the stable lifted methane jet flames diluted with helium for (Sc < 1). So this study mainly focused on the nonpremixed lifted methane jet flames diluted with helium having (Sc < 1). Now, how such lifted flames were stabilized has to be addressed. To explain the stabilization mechanism of such lifted flames spectrum analysis and radius of curvature measurement was done at the edge flame base and it will be discussed later.
Stabilization mode
Laminar lifted nitrogen diluted propane jet flames had two kinds of stabilization mode according to the position of flame base: developing and developed modes. The height of developing region for a free jet was well described by Won et. al. [8] as
Here, Red was the Reynolds number defined as, UOD/v and v was the kinematic viscosity. Similar concept is used in the present study. The location of Hfree was marked in Figure 2 which is the ratio of the buoyancy-induced momentum to the jet momentum, where g is the gravitational acceleration, ρ is the unburned density, and ∆ρ is the density difference between unburned and burned gases. The Richardson number was evaluated and depicted in Figure 2 (b) and Figure 3(b) . For D = 9.4 mm it was in the range of 0.88 < Ri < 88.48, which means buoyancy could have significant effect on stabilization mechanism. This could be the reason that, stationary lifted flames were observed for methane diluted with helium having [0.7 < Sc < 0.78] using D = 9.4 mm, even though it was predicted that jet of pure fuel of 0.5 < Sc < 1.0 could not make the laminar lifted flame [1] . Such an important role of buoyancy effect on lifted flame stabilization in case of UO < SL O in nitrogen-diluted propane jet flames has been already identified in detail [8] . However, the range of Richardson number in the laminar lifted flame with D =0.95 mm was 0.00027 to 0.0018 as shown in Figure 3(b) , which means that buoyancy effect is negligible compared with jet momentum.
To further substantiate such two distinct regimes, the functional dependency of normalized liftoff height on normalized fuel nozzle exit velocity was shown in Figure 4 . where R is the correlation coefficient for the curve fitting was 0.93, 0.96 respectively as shown above. Lift-off height divided by the length of developing region is a measure to tell where the lifted flame is in the developing zone or developed zone. If it is much larger than unity, then it is in the far field region hence jet theory could be applicable. If Richardson number is near unity, jet momentum and buoyancy force affects velocity distribution hence simple jet theory is not appropriate. Moreover, lifted flames with D = 0.95 mm are in the far field and not affected by buoyancy force. So how the lifted flames (with D = 0.95 mm) in the jet momentum dominated region were affected has to be addressed. Note that the stabilization mechanism is still the balance of edge flame speed to the local flow one [1] [2] [3] . This implies that edge flame speed has to increase even with mole fractions of helium despite reduction of mixture strength. To confirm it, spectrum analysis was done at edge flame base using monochromatic system and chemiluminescence intensities of OH* (an indicator of heat release rate) [12] [13] [14] [15] [16] [17] and other radicals are measured at various flame conditions. In addition, radius of curvature is also measured at edge flame base of triple flame.
Flame stability and regions of lifted flame
OH* Chemiluminescence intensity at lifted flame base
OH* chemiluminescence intensity from lifted flame base of methane/helium fuel for D = 0.95 mm was obtained to know connections between blowout and heat release rate, in that it could be a measure of heat release rate [14] . Light from flame base image that made on the 600 µm diameter optical fiber was scanned using monochromator and photomultiplier tube. The representative OH* signal was demonstrated in Figure 9 (a). It appears between 302 and 325 nm in our system since the slits on the monochromator are widely opened due to weak signal of the flame. Though there are non-zero baseline signals, the OH*, CH2O*, and CH* peaks were clearly separable. Figure 9(a) , shows the area under the peak of OH* chemiluminescent intensity, between 3020 and 3250 Angstrom, after subtracting baseline intensity when triple point images were made on the fiber. With decreasing XF,O at constant velocity, OH* chemiluminescence intensity increases at room temperature ambience. It was inversely proportional to XF,O. Equations in the Figure 9 when UO = 290 cm/s and for UO = 360 cm/s, XF,O is 0.32. So the asymptotic lines of the graphs are in good agreement with the XF,O at blowout. Since OH* is related with heat release rate, flame releases more heat as decreasing XF,O, this being a maximum at blowout. From this, it can be inferred that reactant fluxes increase to the edge flame, increasing the reaction rate, and hence edge flame speed increase. Based on the stabilization mechanism [1] [2] [3] , this edge flame speed may balance with the local flow velocity and lifted flames were stabilized in developed region as discussed in previous sections. The importance of chemical species such as OH*, CH2O* which are good indicators of heat release rate have been studied in the previous work [12] [13] [14] [15] [16] [17] . In addition, it was shown that the product of OH* and CH2O* can be used as an excellent proxy for heat release rate in laminar flame [14] . In this manner, product of [OH] X [CH2O] is determined with XF,O as shown in Figure 9 (c). It has the decreasing behavior with increasing XF,O, which focus towards the influence of heat release rate affecting the edge flame speed as discussed before.
Radius of curvature effect on the lifted flame base
Edge flame speed is generally dependent upon the mixture strength, buoyancy, fuel concentration gradient (strain rate and thereby radius of curvature), and Lewis number [1] [2] [3] . Now we can discuss, what the main contribution of such a laminar lifted flame stabilization is in methane jet flame diluted with helium, in addition to the effect of heat release rate as mentioned in the last section. Because diluent addition decreases mixture strength, it has a negative effect on flame stabilization. Lewis number for helium addition was in the range of 1.08-1.36. For helium addition, it has a negative effect on edge flame speed such that the Lewis number increases with helium mole fraction. This implies that, the effect of Lewis number cannot be a main reason of flame stabilization. Thus important role on edge flame speed enhancement may be addressed to radius of curvature [3] . So radius of curvatures was measured at ambient temperature as shown in the Figure 10 . Consequently, for lifted methane jet flames diluted with helium, radius of curvature was increased with the addition of helium diluent which causes the increase in edge flame speed which could be balanced with the local flow one. Hence radius of curvature could also be the reason for flame stabilization. In such manner, flame stabilization mechanism in methane/helium lifted flames has been explained.
CONCLUSION
Laminar lifted methane jet flames diluted with helium were obtained experimentally for 0.5 < Sc < 1 using nozzles of diameters 9.4 mm and 0.95 mm. Liftoff heights increase with nozzle exit velocity and inversely proportional to initial fuel mole fraction. Depending on the diluent and the size of nozzle, lifted flame was divided into two groups for methane/ helium fuel with D = 9.4 mm, it was buoyancy driven in developed region and with D = 0.95 mm, it was momentum driven in developed region. Lifted flames existed at UO < SL O for D = 9.4 mm and at UO > SL O for D = 0.95 mm. OH* chemiluminescence intensity from light near the triple point for CH4/helium flame base, with D = 0.95 mm was inversely proportional to XF,O and had asymptotic line close to XF,O approximately equal to blowout mole fraction. Results shows that, increase in OH* concentration and thereby heat release rate in addition to the increased radius of curvature contributed to the flame stabilization.
UNCERTAINTY
There are few measurement uncertainties that exists in the current study are: nozzle diameter, velocity calibration technique, camera resolution, monochromatic spectrum analysis, liftoff height measurement. The following table shows the uncertainty measurements for all applications used in the current study. 
